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Lightweight Cellular Cemented (LCC) material has wide applications in infrastructure rehabilitation and in the construction of new facilities.
The roles of water content, cement content, air content, and ﬂy ash (FA) replacement on the engineering properties, including unit weight, ﬂow
and strength of LCC clayFA material, are investigated, analyzed and presented in this article. The engineering properties are strongly controlled
by the generalized stress state, w/wL, where w is the water content and wL is the liquid limit. The FA replacement reduces wL, resulting in a
change in w/wL. The workable state, recommended to produce the LCC clayFA material, is w41.5wL. The ﬂowability is independent of
cement content and approximated in terms of w/wL and air content in logarithmic function. The void/cement ratio (V/C), deﬁned as the ratio of the
void volume to the cement volume in the mix, is found to be the dominant parameter governing the strength development in LCC clayFA
material. The fabric (arrangement of clay particles, clusters and pore spaces) reﬂected from both air foam content and water content is taken into
consideration by the void volume while the inter-particle forces (levels of cementation bond) are governed by the input of cement (cement
volume). A strength equation in terms of V/C at a particular curing time is introduced using Abrams’ law as a basis. From the critical analysis of
test results, a mix design method to attain the target unit weight, ﬂowability and strength is suggested. This method is beneﬁcial from both
engineering and economic viewpoints.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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When infrastructures such as road embankments and bridge
foundations are constructed on soft soil deposits, these deposits10.1016/j.sandf.2015.02.020
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der responsibility of The Japanese Geotechnical Society.tend to consolidate and undergo large vertical settlement and
lateral deformation during and after construction due to
incumbent loads. To solve these problems, the improvement
of soft ground by deep mixing technique is commonly applied
in Southeast Asia, including Thailand (Arulrajah et al., 2009;
Chai and Pongsivasathit, 2010; Horpibulsuk et al., 2004c,
2011b, 2012c). The mechanical behavior of cement admixed
clays have been extensively investigated by authors such as
Terashi et al. (1979,1980); Kawasaki et al. (1981); Kamon and
Bergado (1992); Horpibulsuk et al. (2004a, 2004b, 2010) and
Suebsuk et al. (2010, 2011). Instead of improving the softElsevier B.V. All rights reserved.
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options, the use of lightweight materials with unit weight of
812 kN/m3 and moderate to high strength as a backﬁll
material to reduce the weight of the structure on the soft clay is
an attractive alternative.
A mixture of in-situ clay, air foam agent and cementing
agent can be used to form a lightweight material, which is
designated as “Lightweight Cellular Cemented (LCC) clay”
(Horpibulsuk et al., 2012b). LCC clay is a cost-effective
construction material in terms of construction time, material
consumption and transportation. Over time, the strength,
stiffness and Poisson’s ratio of LCC clay increase, enabling
further resistance to lateral movement. The LCC clay has been
extensively used for highway and port construction in many
countries such as Japan and Thailand (Tsuchida et al., 2001;
Satoh et al., 2001; Hayashi et al., 2002; Otani et al., 2002;
Jamnongpipatkul, et al., 2009; Kikuchi and Nagatome, 2011;
Kikuchi et al., 2011).
Recently, the unit weight, strength and compressibility char-
acteristics of LCC clay have been established by Horpibulsuk
et al. (2012b, 2013a, 2013b, 2014a, 2014b). The unit weight of
LCC clay can be predicted using a phase diagram with the
following equation (Horpibulsuk et al., 2012b):
γ ¼
1Vv
Vc
 
Gsγw 1þwð ÞþGcγw
1
Vc
þ1 ð1Þ
where w is the initial water content of the clay prior to adding
cement and air foam (in fraction), Gc and Gs are the speciﬁc
gravities of cement and soil, respectively, γw is the unit weight of
water (kN/m3), Vv is the volume of void in the mix and Vc is the
volume of cement in the mix. The equation was developed based
on the assumption that all air bubbles (air foam) enter into the
pore space when mixed with cement and clay.
Based on the claywater/cement ratio hypothesis for
cement stabilized clay (Miura et al., 2001; Horpibulsuk and
Miura, 2001; Horpibulsuk et al., 2003, 2005, 2006, 2011a,
2011b, 2012a; Chinkulkijniwat and Horpibulsuk, 2012) and
the parameter void/cement ratio for cement stabilized unsatu-
rated sand (Consoli et al., 2007), Horpibulsuk et al. (2012b,
2013a) have successfully employed the void/cement ratio to
analyze and assess the strength development of LCC clay. The
void/cement ratio (V=C) is deﬁned as the volume of void to the
volume of cement in the mix.
To reduce the cost of the LCC clay, the replacement of the
cement by waste materials such as ﬂy ash and biomass ash is a
suitable alternative method (Horpibulsuk et al., 2009). Recy-
cling and the subsequent reuse of waste materials reduces the
demand for scarce virgin natural resources and simultaneously
reduces the quality of waste materials destined for landﬁlls
(Arulrajah et al., 2013; Hoyos et al., 2011). This will
ultimately lower the carbon footprint and lead to a more
sustainable environment (Disfani et al., 2012).
Even though there is available research on the application of
FA in civil engineering applications including concrete, green
materials, pavement base/subbase and soil/ground improvement
(Kawasaki et al., 1981; Kitazume et al., 2001; Kehew, 1995;Hannesson et al., 2012; Kaniraj and Havanagi, 1999; Bin-
Shaﬁque et al., 2010; Prabakar et al., 2004; Sukmak et al.
(2013a, 2013b), the research on usage of FA to develop a
sustainable LCC material is very limited. Recently, Horpibulsuk
et al. (2014a) used FA as a supplementary material in the
development of a LLC material. The role of FA, water, cement
and air contents on unit weight and strength of LCC clayFA
material has been reported. A critical analysis and assessment of
the strength development in LCC FAclay material using a
single structural parameter (fabric and cementation bond) was
however absent in the previous study. Besides unit weight and
strength of the LCC material, the ﬂowability of the LCC paste
(before hardening) is also a required parameter for ﬁeld
construction. The higher ﬂowability results in a lower pump
capacity and construction cost.
As per the authors’ knowledge, the development of rational
predictive equations for strength and ﬂowability of LCC
clayFA material using few dominant parameters to date is
very limited and will be the prime focus of this research. Based
on the critical analysis of this study, a suggested design
procedure to attain the target strength, ﬂow and unit weight
is ﬁnally introduced. This procedure will facilitate mix design
for pavement and geotechnical engineering practitioners.2. Materials and methods
2.1. Soil samples
Bangkok clay was collected from Bangkok Noi district,
Bangkok, Thailand at a 3 m depth. The clay was composed of
2% sand, 39% silt and 55% clay. The natural water content
was 78% and the speciﬁc gravity was 2.64. The liquid and
plastic limits were 73% and 31%, respectively. Based on the
Uniﬁed Soil Classiﬁcation System (USCS), the clay was
classiﬁed as inorganic clay of high plasticity (CH). Ground-
water was at a depth of about 1.0 m from surface. The clay was
classiﬁed as low swelling type with free swell ratio (FSR) of
1.1. The FSR is deﬁned as the ratio of equilibrium sediment
volume of 10 g of oven-dried soil passing a 425 mm sieve in
distilled water (Vd) to that in kerosene (Vk) (Prakash and
Sridharan, 2004). This method was employed since it is simple
and predicts the dominant clay mineralogy of soil satisfactorily
(Horpibulsuk et al., 2007).2.2. Cement and air foam agent
Type I Portland cement (PC) and air foam agent, Darex
AE4, were used in this study. The grain size distribution curve
of PC obtained from the laser particle size analysis is also
shown in Fig. 1. The speciﬁc gravity is 3.15 and the average
grain size, D50 of PC is 0.01 mm (10 μm), which is larger than
that of the tested clay. Darex AE4 is a blend of anionic
surfactants and foam stabilizers. It is a liquid air entraining
agent used in various types of mortar, concrete and cementi-
tious material.
A. Neramitkornburi et al. / Soils and Foundations 55 (2015) 471–483 4732.3. Fly ash
Fly ash (FA) was obtained from the Mae Moh power plant
in the north of Thailand. Total amount of the major compo-
nents SiO2, Al2O3 and Fe2O3 in FA measured from X-ray
ﬂuorescence (XRF) are 79.4%. This FA is classiﬁed as class F
according to ASTM C 618 (2012). The grain size distribution
curve of the FA is also shown in Fig. 1.
2.4. Methodology
The clay paste was passed through 2-mm sieve for removal
of shell pieces and any other larger size particles that were
present and was replaced by FA with different replacement
ratios (by dry weight of clay). Index tests on the mixed soil
were next performed. The water content of the mixed soil was
adjusted to 13 times liquid limit (wL) for the ﬂow and
strength tests. The clayFA mixture was mixed with PC at
various contents from 10% to 30% by weight of dry soil. The
air form was then added into this clayFAcement mixture.Fig. 2. Phase diagram illustra
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Fig. 1. Grain size distribution of Bangkok clay, PC and FA.The air content (Ac) values varied between 10% and 100% by
volume of dry soil (Vs). The Vs value was determined from the
dry weight of clay and FA (Ws) and speciﬁc gravity values of
clay, FA and water. The LCC clayFA mixture was
thoroughly mixed in a mixer for 10 min. Fig. 2 shows the
phase diagram of saturated clayFA mixture (before making
LCC clayFA material) and LCC mixture to understand the
meaning of each parameter and the mixing process. To verify
the role of V/C as a prime parameter governing the strength
development, the LCC clayFA samples with different
cement contents and air contents were also prepared to attain
the V/C values of 50, 30 and 20.
Bleeding was not observed on the test clayFA mixture at
water content of 1–3 times wL. Previous work by Horpibulsuk
et al. (2012b) have shown that even with very high water
content up to 5 times liquid limit, all tested clays still have low
viscosity, indicating that sorting of the grain size does not
occur. After thoroughly mixing LCC clayFA paste for
10 min, the uniform paste was transferred to a ﬂow test cone
and to unconﬁned compression (UC) test containers of 50 mm
diameter and 100 mm height.
The ﬂow test was undertaken using a ﬂow cone with
117 mm in height and 254 mm diameter at base and 117 mm
diameter at top. After transferring the LCC clayFA paste to
the ﬂow test cone placed on a moveable ﬂow table, the ﬂow
table was vertically moved down and up at a constant rate of
15 times/min. The distance between the ﬂow table and ﬂow
test cone was kept at 12.5 mm. The ﬂowability is deﬁned as
F ¼ D25:4ð Þ
25:4
 100 ð2Þ
where D is the average spread diameter of the LCC clayFA
paste measured in 6 directions (in mm scale).
After 24 h, the cylindrical UC samples were dismantled,
wrapped in vinyl bags and stored in a humidity-controlled
room of constant temperature (2072 1C). UC tests were
undertaken on samples after 7 days of curing with strain
controlled loading of 1 mm/min. All the tests were performed
according to the American Society of Testing and Materialsting the mixing process.
Table 1
Summary of the experimental program.
Tests FA replacement ratio (%) Water content Cement content (%) Air content (%)
Atterberg’s limit 0, 20, 40, 50, 60 and 80 – – –
Unit weight 0, 40, 60 and 80 wL, 1.5wL, 2wL, 2.5wL and 3wL 5, 10, 15 and 20 0, 25, 50, 75 and 100
UC (after 7 days of curing) 0, 25, 40, 60 and 80 2wL and 3wL 1) 5, 10, 15 and 20
2) Varied to obtained V/C¼20 and 50
0, 25, 50, 75 and 100
Flowability 0, 40, 60 and 80 wL, 1.5wL, 2wL and 3wL 5, 10, 15 and 20 0, 25, 50, 75 and 100
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program for this study.
3. Results
The index properties of clayFA mixture at different FA
replacement ratios are shown in Fig. 3. Liquid limit decreases
with increasing FA replacement. When the FA replacement
ratio is greater than 50%, the decrease in liquid limit (wL) is
clearly observed. Plastic limit (wP) decreases in small magni-
tudes as the FA replacement ratio increases. Consequently, the
change in plasticity index (Ip) and liquid limit (wL) with FA
replacement is similar where the sudden change in Ip and wL is
found at the same FA replacement ratio. The FA replacement
ratio at the sudden change in Ip was designated as the FA
ﬁxation point (Horpibulsuk et al., 2014a) and is observed to be
50% for this study. It is of interest to note that even with the
change in wL and wp, the (Ip, wL) points for all the mixed soils
lie above the A-line as shown in Fig. 4. This indicates that the
mixed soil is classiﬁed as low to high plasticity clay according
to USCS.
Fig. 5 shows the effect of initial water content (before
mixing with cement and air foam) and air content on the unit
weight of the LCC clayFA samples at different FA replace-
ment ratios for a particular cement content of 10%. The air
foam signiﬁcantly decreases the unit weight of the LCC
clayFA material, especially at high water contents. For a
particular air content, the unit weight decreases as the initial
water content increases. However, the decrease in unit weightis insigniﬁcant at low water contents. Beyond a certain initial
water content, designated as the transitional water content, a
dramatic reduction in unit weight is observed. The transitional
water content, wt, reduces as the FA replacement ratio
increases. The addition of FA into the clay reduces the liquid
limit and plasticity index of soil because FA is non-plastic. In
other words, the clayFA tends towards being non-plastic
material with increasing FA replacement ratio; therefore, the
viscosity of the clayFA mixture reduces. The clayFA
mixture with higher FA replacement ratio exhibits higher
ﬂowability than that with lower FA replacement ratio at the
same water content. Fig. 6 shows a comparison of target and
measured 7-day unit weight of LCC clayFA samples. The
target (theoretical) unit weight was determined using Eq. (1).
It is evident that the measured unit weight is higher than the
target unit weight, indicating a loss of air content during
mixing. A larger difference between the target and measured
unit weight is found at lower initial water content. This result
supports the previous ﬁnding by Horpibulsuk et al. (2012b)
that at low water content, the viscosity is relatively high and
resists the air bubble entry into the pore space. The reduction
in wt with increasing the FA replacement ratio for different
cement contents and air contents is presented in Fig. 7.
The effect of cement content, air content, water content and
FA replacement ratio on the ﬂowability of LCC clayFA
paste is shown in Figs. 8 and 9. Fig. 8 shows that for a
particular FA replacement ratio, water content and air content,
the cement content has an inconsequential effect on the
ﬂowability. The role of the air content on the ﬂowability is
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Fig. 5. Relationship between unit weight and water content of lightweight cellular cemented clay at different air contents.
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contents i.e., the increase in ﬂowablity with an increment of
the air content is essentially the same. The water content is the
main parameter, governing the ﬂowability for a particular FA
replacement, i.e. the signiﬁcant increase in ﬂowability is
clearly observed with increasing water content throughout
Fig. 8a–d. The relationship between ﬂowability and water
content follows the same pattern for different cement contents,
FA replacement ratios and air contents as shown in Fig. 9. The
incremental change in the ﬂowability is signiﬁcant at low
water content while the change rate becomes insigniﬁcant at
very high water content. The ideal highest ﬂowability for the
LCC clayFA paste is a constant and equal to that for
pure water.
It is now time to examine the strength development in LCC
clayFA material. Horpibulsuk et al. (2012b) revealed that
the strength development at a particular water content is
dependent upon the air content and cement content and the
combined effect of air content and cement content on the
stressstrainstrength characteristics is taken into account by
the parameter V=C. The parameter V/C is herein used to
analyze the stressstrainstrength characteristics of LCC
clayFA samples for different FA replacement ratios.
Fig. 10 shows the stressstrain relationships from UC tests
on samples with different air contents and cement contents but
with the same V/C values of 20, 30 and 50, at 7 days of curing.
Three different FA replacement ratios are included in Fig. 10,
which are 40%, 60% and 80%. As the V/C value decreases, theUC strength increases. The LCC clayFA samples with the
same V/C values exhibit the similar stressstrain behavior. It
is found that the V/C controls the compressive strength for a
particular water content and can be applied to LCC clayFA
samples with a wide range of FA replacement ratios.
4. Analysis and discussion
Even though the index properties of the clayFA mixture
alter with the FA replacement ratios, the clayFA mixture is
still classiﬁed as clay according to the USCS as apparent in
Fig. 4. As FA is a non-plastic material, the plasticity index of
the clayFA mixture decreases with an increase in the FA
replacement ratio. Due to the reduction in wL with the FA
replacement ratio, the mixture approaches low plasticity index
clay (CL) as the FA replacement ratio increases. The engineer-
ing properties of destructured (remolded) clay are governed by
the stress state reﬂected by the liquid limit. Different clays
at liquid limit have the same order of pore water suction
(5–6 kPa) (Russell and Mickle, 1970; Wroth and Wood, 1978;
Whyte, 1982). Under this state, most clays exhibit hydraulic
conductivity of the same order of 109 m/s (Nagaraj et al.,
1993; Arulrajah and Bo, 2008; Horpibulsuk et al., 2007) and
the undrained shear strength of about 1.7–2.5 kPa (Wroth and
Wood, 1978; Whyte, 1982). Nagaraj and Miura (2001)
depicted that different clays at the same generalized stress
state, w/wL have practically the same effective stress and shear
resistance. As the w/wL decreases, both the effective stress and
Fig. 6. Comparison between measured and target unit weight of LCC
clayFA material for (a) soil:FA¼20:80 and (b) soil:FA¼80:20.
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is thus used to analyze the role of FA replacement on the
engineering properties of LCC clayFA material in this study.
The w/wL was successfully used to assess the engineering
properties of remolded and natural clays (Horpibulsuk et al.,
2007, 2011c).The transitional water content (wt) is the mixing state where
the water and air contents play a signiﬁcant role on the
reduction in unit weight as evident in Figs. 5 and 6. The
clayFA mixtures with different FA replacement ratios but
with the same water content exhibit different values of shear
strength and viscosity, i.e. the mixture with lower wL possesses
lower shear strength and viscosity. This causes the reduction in
the wt value as the FA replacement ratio increases (vide Fig. 7).
The wt value for various FA replacement ratios can be
approximated in terms of wL, as shown in Fig. 11. The
variation in wt/wL values is a small range between 1.3 and
1.6 with an average value of 1.5, irrespective of cement
content and air content. The water content higher than 1.5wL
is thus recommended for producing the LCC clayFA
mixture in practice for different cement contents, air contents
and FA replacement ratios. This stress state is designated as the
workable state where the viscosity of clayFA mixture is low
enough for the air foam to enter into the pore space.
In addition to the workable state, the ﬂowability is controlled by
the shear strength and viscosity. In other words, the generalized
stress state w/wL is possibly employed to analyze the ﬂowability of
the LCC clayFA mixture. Uddin et al. (1997) investigated the
index properties of cement admixed Bangkok clay and found that
the change in liquid limit due to cement treatment is insigniﬁcant.
As such, at the same water content and air content, the shear
strength and viscosity of a given LCC clayFA mixture are
essentially the same for different input of cements; hence the
cement content has insigniﬁcant effect on the ﬂowability (Fig. 8).
Fig. 9 shows the relationship between ﬂowability and water content
of the LCC clayFA samples from four replacement ratios, which
is approximately logarithmic. Based on an analysis of the ﬂow test
data, it is found that for the same air content, the ﬂowability of the
LCC clayFA samples with different FA replacement ratios is
similar if they have the same w/wL even though the water and
cement contents are different as shown in Fig. 12. At liquid limit
state, the ﬂowability of the LCC clayFA samples with different
FA replacement ratios essentially yield the same value of 100–
150%, depending upon air content. This implies that for a
particular Ac, the viscosity and shear strength responsible for the
same order of ﬂowability are the same, despite the water contents
being distinctly different. For practical assessment, a logarithmic
relationship for a particular air content obtained from the linear
regression analysis is proposed as follows:
F ¼ aþb log w
wL
ð3Þ
where F is the ﬂowability and a and b are constant values. It is
observed from Fig. 12 that the ﬂowability for a given w/wL
increases with air content. Consequently, the a and b values are
approximated in terms of air contents. Fig. 13 presents the
relationship between a and b values versus Ac:
a¼ 115:26þ0:078Ac ð4Þ
b¼ 135:87þ0:090Ac ð5Þ
with correlation coefﬁcients of higher than 0.914. Eqs. (3)–(5)
show that at w/wL = 1.5, the ﬂowability is 139% and 149% for
Ac = 0% and 100%, respectively. The above analysis shows that
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improved by the reduction in wL caused by the FA replacement.
The signiﬁcant reduction rate is found when FA replacement ratio
exceeds the FA ﬁxation point (50%) (refer to Fig. 3). In other
words, FA replacement ratios less than the FA ﬁxation point do not
improve the workability and ﬂowability of the LCC clayFA
mixture but reduce the unit weight due to lower speciﬁc gravity as
seen by Eq. (1).
As it is evident that the workable state is at w/wL greater
than 1.5, the investigation of the inﬂuence of FA replacement
ratio on the strength development in the LCC clayFA
samples is illustrated in Fig. 14 at w/wL values of 2 and 3. It
has been extensively reported that the strength development of
structured clays in both natural and artiﬁcial states (Mitchell,
1993; Kasama et al., 2000; Kavvadas and Amorosi, 2000;
Rouainia and Muir Wood, 2000; Baudet and Stallebrass, 2004;
Lee et al., 2004; Miura et al., 2001; Horpibulsuk et al., 2003,
2005, 2010, 2011a, 2012a; Suebsuk et al., 2010, 2011) is
governed by microstructure (fabric and inter-particle forces).
The strength is thus dependent upon the FA replacement ratio,
which affects wL of the clayFA mixture (initial state of LCC
clayFA material). The effect of the FA replacement ratio onthe strength of LCC clayFA samples for C=10% and 15% is
shown in Fig. 14. The strength increases with FA replacement
ratio and the strength increases signiﬁcantly when FA replace-
ment ratio greater than 60%. It is of interest to mention that the
advantage of FA replacement on the workability, ﬂowability
and strength is truly realized when the FA replacement ratios
are greater than the FA ﬁxation point.
Because V/C is the prime parameter governing the strength
development, it is possible to develop a relationship between
strength and V/C for a particular curing time. Fig. 15 shows the
relationship between 7-day strength and V/C of the LCC
clayFA material for different FA replacement ratios. For a
particular FA replacement ratio, a unique relationship between
the strength and the V/C can be found for w/wL value of 2 at
various cement contents and air contents. Based on the
experimental observations (20oV/Co65 and 7 days of
curing), it is possible to advance the following identity:
V1
C1
 
¼ V2
C2
 
¼ Constant ð6Þ
Once the void/cement ratio is ﬁxed in the ﬁeld at the
working state (w/wL41.5), if the air content (void volume) is
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Fig. 9. Relationship between ﬂowability and water content of lightweight cellular cemented clay for different replacement ratios.
A. Neramitkornburi et al. / Soils and Foundations 55 (2015) 471–483478changed to achieve the required unit weight, the cement
content can be estimated from Eq. (6) to attain the same
strength. For mix design purposes, the relationship between
UC strength, qu and V/C at a speciﬁc water content is advanced
based on Abrams’ law (1918):
qu ¼
A
V=C
 B ð7Þ
where A and B are constants. When Ac¼0, this equation yields
the same equation previously proposed by Horpibulsuk et al.
(2011a, 2011b, 2012a) for cement admixed clays. The A-value
is dependent upon the FA replacement ratio. The B-value is
practically constant and only varies from 1.90 to 1.92,
irrespective of FA replacement ratios. To employ Eq. (7) for
assessing the strength of the LCC clayFA material at
different V/C values (Ac and C values), the A and B values
must be predetermined. This task can be achieved by a back-
calculation of at least two trial strength data. Eq. (7) ascertains
the applicability of V/C as the prime parameter to formulate a
generalized predictive strength equation for LCC clayFA
materials. Even though Eq. (7) is proposed based on the 7-day
strength data, it is possible to extend this equation for other
curing times as previously done for LCC clay (without FA) by
Horpibulsuk et al. (2012b). The variation of values of A and B
for different curing times can be determined from a set of UC
test data at different curing times to understand the role ofcuring time of UC strength development. This study will be an
interesting issue for further research.
It is logical to relate the elastic properties with UC strength
because they are governed by V/C. Fig. 16 shows the
relationship between modulus of deformation at 50% strength,
E50 and UC strength for cement admixed clay (without air
foam) and LCC clayFA material. The E50 varies between
100 and 220 times qu for different values of Ac, C and FA
replacement. The relationship is in agreement with that
previously reported by Horpibulsuk et al. (2012b) and
Neramitkornburi et al. (2015) for various LCC clays (without
FA replacement).
5. Suggested mix design method
Based on the laboratory investigation, a mix design proce-
dure for LCC clayFA material to arrive at the target unit
weight, ﬂowability and strength is suggested and presented by
the following steps (Fig. 17):1. Perform index tests on clayFA mixture at different FA
replacement ratios and determine the FA ﬁxation point. FA
replacement ratios greater than the FA ﬁxation point are
recommended.2. Adjust the water content of the FAclay mixture to the
working state (w/wL41.5) and determine the ﬂowability
using Eqs.(3)–(5).
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A. Neramitkornburi et al. / Soils and Foundations 55 (2015) 471–483 4793. For a selected water content, conduct at least two trial UC
tests on the LCC clayFA samples with different FA
replacement ratios, cement and air contents.4. Determine the A- and B-values from the back calculation of
the strength data.5. Develop the quV/C relationship for different FA replace-
ment ratios using Eq. (7) (Fig. 18a).6. From the target strength, determine the required V/C at a
selected FA replacement ratio (point a1, a2 and a3,
respectively in Fig. 18a).7. Develop the unit weight and cement content relationship for
different air contents using Eq. (1) (Fig. 18b).8. From the target unit weight, determine the required Ac at
selected C (point b1, b2 and b3, respectively in Fig. 18b).9. Undertake a cost estimate for different possible mix designs
to obtain the optimal mix ingredient.
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The results of this study suggest that the generalized stress
state, w/wL, is critical for the analysis of unit weight, ﬂowability
and strength characteristics of LCC clayFA material. The
void/cement ratio, V/C, takes into account the inﬂuence of both
clay fabric reﬂected by the air volume and the level of
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Fig. 17. Flow chart for suggested mixing design procedure.
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A. Neramitkornburi et al. / Soils and Foundations 55 (2015) 471–483 481is regarded as the working state, and is recommended for
producing the LCC clayFA material.2. The ﬂowability of the LCC clayFA paste is strongly
dependent upon the clay viscosity. The clay viscosity for a
particular water content reduces with the decrease in wL and
the increase in Ac while it is insigniﬁcantly affected by the
cement content. The ﬂowability is approximated in terms of
air content and w/wL.3. At a given water content and FA replacement ratio, the UC
strength of LCC clay samples increases with the decrease of
V/C. The stressstrain response of LCC clay samples with
different air contents and cement contents is practically the
same as long as the V/C value is identical.4. The advantage of FA replacement on the workability,
ﬂowability and strength is observed when the FA replace-
ment ratio is greater than FA ﬁxation point. The FA ﬁxation
point is simply obtained from the conventional index test.5. Because the V/C controls the engineering properties in the
elastic range (at low effective conﬁning stress), it is logical
to relate E50 in terms of qu. The E50 and qu relationship is
found to be essentially independent of cement content,
water content, air content and FA replacement ratio.6. Based on the void/cement ratio and Abrams’ law, a
relationship between strength, void/cement ratio for a
particular water content and curing time (Eq. 7) is proposed.
A. Neramitkornburi et al. / Soils and Foundations 55 (2015) 471–483482The relationship is useful in estimating the laboratory
strength wherein air content and cement content vary over
a wide range by a few trial tests. It also facilitates the
determination of proper quantity of cement to be admixed
for different air contents to attain the target strength. The
formulation of the proposed relationship is on sound
principle. The A and B values can be determined by a
back-analysis of at least two trial strength data.7. Based on the proposed strength, unit weight and ﬂowability
equations, the mix design method for the LCC clayFA
mixture is suggested. This method is useful for geotechnical
and pavement engineering practitioners in their design of
LCC clayFA mixture and estimating the mechanical
properties.
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